Replication of herpes si7aplex virus type 2 (HSV-2) was impeded in KB cells which were blocked in their capacity to synthesize DNA by 2 mM thymidine (TdR). The degree of inhibition was dependent upon the concentration of TdR. In marked contrast, HSV-1 is able to replicate under these conditions. The failure of HSV-2 to replicate is probably due to the inhibition of viral DNA synthesis; there was a marked reduction in the rate of DNA synthesis as well as the total amount of HSV-2 DNA made in the presence of 2 mM TdR. We postulated that the effect of TdR on viral replication occurs at the level of ribonucleotide reductase in a manner similar to KB cells. However, unlike KB cells, an altered ribonucleotide reductase activity, highly resistant to thymidine triphosphate inhibition, was found in extracts of HSV-2-infected KB cells. This activity was present in HSV-2-infected cells incubated in the presence or absence of TdR. Ribonucleotide reductase activity in extracts of HSV-1-infected KB cells showed a similar resistance to thymidine triphosphate inhibition. These results suggest that the effect of TdR on HSV-2 replication occurs at a stage of DNA synthesis other than reduction of cytidine nucleotides to deoxycytidine nucleotides.
Replication of herpes si7aplex virus type 2 (HSV-2) was impeded in KB cells which were blocked in their capacity to synthesize DNA by 2 mM thymidine (TdR). The degree of inhibition was dependent upon the concentration of TdR. In marked contrast, HSV-1 is able to replicate under these conditions. The failure of HSV-2 to replicate is probably due to the inhibition of viral DNA synthesis; there was a marked reduction in the rate of DNA synthesis as well as the total amount of HSV-2 DNA made in the presence of 2 mM TdR. We postulated that the effect of TdR on viral replication occurs at the level of ribonucleotide reductase in a manner similar to KB cells. However, unlike KB cells, an altered ribonucleotide reductase activity, highly resistant to thymidine triphosphate inhibition, was found in extracts of HSV-2-infected KB cells. This activity was present in HSV-2-infected cells incubated in the presence or absence of TdR. Ribonucleotide reductase activity in extracts of HSV-1-infected KB cells showed a similar resistance to thymidine triphosphate inhibition. These results suggest that the effect of TdR on HSV-2 replication occurs at a stage of DNA synthesis other than reduction of cytidine nucleotides to deoxycytidine nucleotides.
We reported recently that herpes simplex virus type 1 (HSV-1) replication is unimpeded in KB cells incubated in the presence of 2 mM thymidine (TdR) (3) . This concentration of TdR blocks host cell DNA synthesis and subsequent cell division (1, 2, 3, 15, 17) . These observations suggested that at least one aspect of DNA replication utilized by HSV differs significantly from that of the host cell. This difference was explained by the finding of a "new" viral-induced ribonucleotide reductase enzyme activity in the cell after infection and by the observation that this enzyme was markedly resistant to inhibition by thymidine triphosphate (TTP), a negative effector of ribonucleotide reductase (1, 3, 9, 15 Ribonucleotide reductase assay. The conversion of cytidine diphosphate (CDP) to deoxycytidine diphosphate (dCDP) was measured by a modification of the method described by Cohen (3) to include procedures in the assay described by Setlow (14) . The standard reaction mixture (0.25 ml) contained: 10 mM Tris, pH 7.8, 2.5 mM ATP, 1.4 (8) .
RESULTS
Replication of infectious virus in the presence and absence of 2 mM thymidine. Table 1 shows a typical experiment in which the number of PFU formed by three strains of HSV-1 in the TdR-blocked KB cells was nearly as high as the number formed in the control cells (no TdR). In contrast, TdR had a significant inhibitory affect on replication of the three genital strains. The titers were 200-to 400-fold lower in KB cells containing TdR than in controls (no TdR) and were similar to background levels found in 3 h-infected cultures. Furthermore, this decrease in titer in the presence of TdR was not due to release of HSV-2 into the supematant fluid. The total amount of extracellular virus was at least one log lower than that of cell-associated virus. These results indicate that HSV-2 replication in synchronized KB cells was inhibited by 2 mM TdR. In the following experiments, one strain of HSV-2 (Savage) and one strain of HSV-1 (HF) was employed.
Dose response relationship of thymidine concentration to virus synthesis. Figure 1 shows the dose response relationship between the amount of HSV-2 synthesized by KB cells and the concentration of TdR present in the medium. In the range 2 iM to 2 mM, every 10-fold increase in TdR concentration produced approximately a one log decrease in virus titer. Complete inhibition occurred at 2 mM TdR and no inhibition was observed at 2 jiM. These results indicate that HSV-2 replication was inhibited at a concentration of TdR which also inhibited cellular DNA synthesis and division in uninfected KB cells (3, 4) and that this Each value represents the average of duplicate samples. See legend in Fig. 1 (2, 16, 17) . When cells are infected with HSV, inhibition of host macromolecular synthesis is dependent upon production of viral-induced protein(s) (6, 13) . Therefore, inhibition of host RNA and protein synthesis would constitute indirect evidence that viral functions are expressed. Table 2 shows the effect of 2 mM TdR on RNA and protein synthesis in uninfected and infected KB cells. When the cells were incubated in the presence of TdR, neither RNA nor protein synthesis were markedly inhibited. In contrast, both RNA and protein synthesis in HSV-2-infected KB cells were markedly inhibited, and the extent of this inhibition was enhanced by the presence of TdR.
Ribonucleotide reductase activity in HSVinfected cells grown in the presence and absence of excess TdR. HSV-1 replicates in TdR-blocked KB cells (3) . This characteristic has been ascribed to the production of a "new" or altered ribonucleotide reductase activity which is not subject to allosteric regulation by TTP (3). DNA replication by this virus is not regulated in the same manner as host cell DNA on October 25, 2017 by guest http://jvi.asm.org/ Downloaded from synthesis. Thus it was possible that the failure of HSV-2 to replicate would be reflected by the absence of a "new" ribonucleotide reductase activity similar to that found with HSV-1.
Studies were undertaken to compare the ribonucleotide reductase activity found in uninfected cells and in cells infected with HSV-1 and HSV-2. Ribonucleotide reductase activity in synchronized KB cells is periodic, being highest in extracts prepared at or just prior to reversal of the TdR block (3). Enzyme activity in the washed cells remains at a maximum for 6 to 8 h post reversal, then decays rapidly during the course of the mitotic cycle (3). In contrast, if the TdR block is not reversed, the activity of the enzyme remains essentially unchanged.
Synchronized KB cells were infected with HSV-1 or HSV-2 and washed free of TdR 1 h later. Cells were harvested at 3.5 and 9 h postinfection corresponding to the S and G2-M phases of the cell cycle. Figure 4A shows that reductase activity of uninfected KB cells was, as previously shown (3), highly sensitive to inhibition by TTP. Furthermore, the percent inhibition by TTP was identical for enzymes prepared at the two times in the cell cycle. Figure 4B and C show that enzyme activity in extracts prepared at 3.5 h postinfection either with HSV-1 or HSV-2 had the same sensitivity to TTP as did the enzyme prepared from KB cells. However, by 9 h postinfection ( Fig. 4B and C) ribonucleotide reductase activity in both HSV-1 and HSV-2 infected cell extracts was markedly resistant to inhibition. More than 70% of the maximum activity was present even in the presence of 4.0 mM TTP. These findings indicate that a "new" reductase activity is also present in extracts obtained from the HSV-2-infected cells. Moreover, the extent of TTP inhibition was the same for both viral-induced enzymes.
Even though HSV-2 induced a "new" ribonucleotide reductase, it was possible that the virus was unable to induce the enzyme in the presence of TdR. Therefore, KB cells were infected with HSV-2 in the presence of TdR. We observed that the presence of TdR during infection had no effect on the specific activity of the enzyme and no effect on the sensitivity of the enzyme to TTP. Moreover, the observation that dialysis had no effect on the reductase activity suggests that the insensitivity of the isolated HSV-2 enzyme to exogenous TTP was not due to an alteration in nucleotide pool size. No synergistic effect on ribonucleotide reductase activity was detectable when infected and uninfected extracts were mixed. The activity of a mixture of equal amounts of the two extracts was equivalent to the sum of the activity of each extract measured separately. From these studies, we conclude that the failure of HSV-2 to replicate in the presence of excess TdR cannot be explained by the inability of this virus to induce a "new" TTP-insensitive ribonucleotide reductase activity. Another possibility is that replication of HSV-2 may be dependent upon some phase of the host cell cycle. The replication of some viruses including equine abortion virus (7) and SV40 (11) is dependent upon some function(s) (reviewed in ref. 7 and 11) present only during the early S phase of the cell cycle. However, HSV-1 replication is independent of the KB cell cycle (3) .
DISCUSSION
Experiments are now in progress to investigate the mode of action of TdR on HSV-2 replication.
